The conflict between vision and proprioception has been proposed to explain why healthy subjects perform worse than proprioceptively deafferented patients in conditions with optical displacement, e.g. novel mirror drawing. It is not known which brain processes depend upon the successful integration of visual and proprioceptive information and are therefore impaired when these modalities disagree. With fMRI in healthy subjects we compared brain activity across two conditions with similar visual and proprioceptive stimulation and similar task demands that differed by the congruence of movement showed by the two modalities. Subjects felt the passive movement of the right index finger on a rectangular field and watched a cursor moving on a computer screen. Cursor and finger locations either mapped onto each other (congruent condition) or did not (incongruent condition). Monitoring incongruent compared with congruent movement activated the premotor area bilaterally and the right temporoparietal junction. These brain areas have previously been associated with shifts in the attended location in the visual space. These findings suggest an interaction between vision and proprioception in orienting to spatial locations.
Introduction
When movements are monitored in a mirror or a video display, the usual congruence between the visual and the proprioceptive hand spaces is disrupted. In such situations movement accuracy initially decreases, improving as a result of practice. It has been repeatedly observed that patients who lack proprioception outperform healthy controls when performance is tested during early stages of adaptation to a new visuomotor transformation (Lajoie et al., 1992; Vercher et al., 1996; Guedon et al., 1998; Fourneret et al., 2002) . This intriguing finding has been explained by assuming that the visuo-proprioceptive conflict experienced by healthy people impairs performance and delays adaptation (Lajoie et al., 1992) .
Although there are many studies that have investigated the brain's response during exposure to visual and proprioceptive stimulation separately, little is known about the brain areas that integrate spatial information across modalities. Knowing which brain areas react to the spatial disagreement between visual and proprioceptive feedback may shed light on the brain processes that are affected by the visuo-proprioceptive conflict. The aim of this fMRI study was to identify brain areas that respond to conflicting as opposed to coordinated visual and proprioceptive movement. To this end we compared brain activity across two conditions that differed by the congruence of movement trajectory conveyed by the visual and proprioceptive sensory channels. To dissociate hand movement and its visual image we used a computer with a finger-operated mouse and a visual display. Proprioceptive stimuli were delivered by passive movement. Passive movement stimulates receptors in the muscle, skin and joints and provides directional cues in the absence of a motor command (Jones et al., 2001) .
Materials and Methods

Subjects
Eleven right-handed healthy volunteers (eight female, median age 27 years, range 22--31 years) gave written consent to participate in this study. The study was performed according to the Helsinki II Declaration and was approved by the local Ethics Committee (KF01-028/02).
Task
Throughout the experiment, the subjects watched the movement of a white square (visual angle = 3.5°) on a black LCD display (visual angle = 32 3 23°) and felt the passive movement of their right index finger on the rectangular field (size 30 3 24 mm) of a mouse-like device (Felix, Altra). The mouse was fixated in the horizontal plane on a support which rested on the subject's thigh. The subject's wrist and the other fingers were immobilized with velcro straps on the mouse support, and the index finger was fixated with tape onto the mobile piece of the mouse. An experimenter (DB) stood beside the scanner and moved the mobile piece of the mouse, and hence also the subject's finger (Fig. 1A) . The trajectory of finger movement was arbitrarily chosen and covered the entire rectangular field. In the congruent condition, the screen cursor displayed the actual movement of the finger. In the incongruent condition, the subjects saw a playback of cursor movement recorded during the congruent condition, so that finger and cursor locations were randomly associated. The playback solution was preferred to computer generated motion in order to fully match motion speed and trajectory across conditions. In order to reduce the possibility that the subjects remembered the patterns of cursor movement across conditions, this playback was constructed for each presentation of the incongruent condition by choosing a cursor movement sequence at random from previous same-session congruent condition recordings and playing this recording in reverse (Fig. 1B) . For instance, if the presentations of the congruent condition within one session are numbered from 1 to 8, then an example of the order of presentation in the incongruent condition could be 1r 2r 1r 3r 3r 5r 4r ('r' meaning 'reversed'). The recorded sequence was padded with up to 1 s of computer generated cursor movement that brought the cursor from the actual mouse position to the first cursor position in the playback, and from the last cursor position in the playback to the actual mouse position. This was done in order to avoid a sudden cursor movement at the transition between conditions. The computer recorded finger and cursor location every 0.05 s.
To ensure that the subjects attended to both sensory modalities, they were instructed to press a key with the left thumb whenever they detected a transition between conditions.
Before the scanning session, the subjects were familiarized with both experimental conditions and practiced the detection task.
Data Acquisition
Gradient echo echoplanar images at a resolution of 3.75 3 3.75 3 3.75 mm were acquired with T R = 4.1 s, T E = 66 ms, flip angle = 90°with a 1.5 T Siemens, Vision scanner. A total of 24 slices, covering a field of view = 89 mm, were positioned obliquely, between the coronal and axial plane, so as to cover optimally the parietal lobe, leaving out the anterior temporal and anteroinferior frontal lobes. High-resolution T 1 -weighted anatomical scans covering the entire brain were acquired at 1 3 1 3 1 mm resolution. Each subject completed two sessions of functional data acquisition giving a total of 2 3 73 volumes. The first three images in each session were discarded to allow for equilibrium in the magnetization. The two conditions were presented alternately, in blocks of 20 s. Each session consisted of 15 blocks, starting with the congruent condition. Because the sequences of cursor movement in the incongruent condition were constructed using recorded sequences from the congruent condition, it was not possible to randomize the order of condition presentation.
Data Analysis
Using SPM99 (http://www.fil.ion.ucl.ac.uk/spm/spm99.html), data were realigned, co-registered to the subject's structural image, normalized to the space of the Montreal Neurological Institute (MNI) brain template and smoothed with a Gaussian filter of 8 mm FWHM (fullwidth, half maximum). The difference between conditions was estimated on group data using the general linear model as implemented in SPM99 (random-effects model). The design matrix for each individual subject included one covariate of interest for the difference between conditions, modelled with a boxcar convolved with a standard haemodynamic response function, six nuisance covariates containing realignment parameters and one nuisance covariate containing the left-hand key press events modelled with the standard haemodynamic response function. Additionally, a high-pass filter with a cut-off period of 80 s, implemented in SPM99, was applied to the BOLD signal in order to remove low-frequency noise. To better estimate the temporal autocorrelation in the fMRI data the signal was smoothed with a Gaussian filter of 4 s FWHM. The difference between conditions was estimated voxelwise for each individual subject, and then tested across subjects using a one-sample t-test. Clusters of contiguous voxels (extent threshold = 0 voxels, height-threshold P < 0.001 uncorrected) are reported at a significance threshold of P < 0.001 at the cluster-level, corrected for multiple comparisons (Friston et al., 1996) .
Results
Behavioral Data
The average finger velocity calculated post hoc was 29.33 ± 3.57 mm/s (mean ± standard deviation) for the congruent condition and 28.51 ± 2.59 mm/s for the incongruent condition. There was no statistical difference between conditions in the average finger-(paired t-test, P = 0.242) or cursor-speed (P = 0.395). This confirms that finger and cursor movement were well-matched across conditions.
In the incongruent condition, the subjects were able to detect correctly 79.31 ± 9.16% of the transitions with a reaction time in milliseconds of 2749.73 ± 1214.38. In the congruent condition, the transition to the incongruent condition was detected correctly in 81.16 ± 9.72% cases with a reaction time of 2250.36 ± 957.73 ms. The difference in reaction times between conditions was not significant (paired t-test, P = 0.123). The long reaction times and the high number of errors support previous results showing limited awareness of the correspondence between visual and motor spaces (Fourneret and Jeannerod, 1998) .
fMRI Data
Compared with the congruent condition, the incongruent condition was associated with higher neural activity bilaterally in the premotor cortices/supplementary motor area and in the right temporoparietal junction (Fig. 2 and Table 1 ).
Discussion
This experiment identified brain areas that responded to the spatial disagreement between visual and proprioceptive Brain areas with higher activity in the incongruent compared with the congruent condition. The congruent condition was subtracted from the incongruent condition and the result is showed as a parametric map of the t-statistic. The map is thresholded at a corrected P-value \ 0.001 at the cluster level (random-effects analysis). For the purpose of anatomical localization, the map is superposed on a single-subject T 1 -weighted image in corregistration with the stereotactic space of the MNI template. The z-value for each transversal slice is the stereotactic coordinate in vertical direction in the MNI space. The left side of the brain is shown to the left. feedback by comparing the brain's haemodynamic response across two conditions. These conditions differed by the congruence of the movement trajectory conveyed by the visual and proprioceptive sensory channels. The subjects were exposed to similar sensory stimuli and performed the same task across conditions. The main finding of this experiment was the higher level of activity in the right temporoparietal junction and the premotor cortices in the incongruent condition compared with the congruent condition. Previous studies have demonstrated increases in brain activity in these areas when subjects covertly shift their attention or overtly move their eyes from one location to another (Corbetta et al., 1998) . Right temporoparietal and sometimes premotor lesions are associated with visuospatial neglect (Vallar, 2001) , a disorder in which deficits in orienting attention in space are common (Bartolomeo and Chokron, 2002) . The right temporoparietal junction is also active when subjects detect visual targets at unexpected locations (Corbetta et al., 2000) . The increased activity in the right temporoparietal junction in the incongruent condition in the present study may thus reflect spatial disorientation when the visual and proprioceptive feedback point towards incompatible locations.
Besides responding during shifts in spatial attention, the right temporoparietal junction also reacts to stimulus novelty, regardless of location (Downar et al., 2000; Corbetta and Shulman, 2002) . It is, however, unlikely that the differential activation in the right temporoparietal junction found in the present study is related to the novelty of the incongruent condition. First, the subjects were exposed to both conditions during the practice trials and were thus familiar with the incongruent visuoproprioceptive stimulation at the beginning of the scanning session. Secondly, if this were the case, then the difference between conditions would have been expected to decrease over time as the subjects became accustomed to the incongruent condition. To identify brain areas where the difference between the incongruent and the congruent condition decreased over time, we repeated the statistical analysis after inserting a covariate that modeled a linear time-by-condition interaction. This comparison did not yield any statistically significant voxels, even when the threshold was decreased to P = 0.01, uncorrected and the search volume was limited to the right temporoparietal cluster.
No temporoparietal junction activation was identified in a previous PET experiment where a condition with visuoproprioceptive mismatch induced by wearing prism goggles was compared with a control condition with no sensory-sensory conflict (Clower et al., 1996) . The disagreement between the results of these apparently very similar studies could be explained by a putative activation of the right temporoparietal junction during the control condition of the previous experiment. In this control condition a visual target jumped to an unexpected spatial location while the subjects were performing target directed movements. Because the right temporoparietal junction is activated when subjects detect stimuli at unpredictable locations in the visual field (Corbetta et al., 2000) , the control condition may have recruited this brain area.
In the present study, we used passive rather than active movement in order to separate peripheral proprioceptive inflow from central signals related to action planning and initiation (Sperry, 1950; Von Holst and Mittelstaedt, 1950) . Thus, the difference in brain activity between the incongruent and the congruent condition reflects specifically the sensory--sensory mismatch. During active movements performed with incongruent visual feedback the inferior parietal lobe of the right hemisphere and the left premotor area are activated (Farrer and Frith, 2002) . Our findings suggest that the presence of a visuo-proprioceptive conflict is sufficient for activating these brain regions.
In this study a qualitative paradigm was used in order to optimize the sensitivity for detecting a change in the fMRI signal across conditions. A further experiment with a parametric paradigm that systematically varies the angle between the direction of finger movements and the direction of cursor movements can be used to test whether the activity of the right temporoparietal lobe correlates with the degree of spatial incongruence between the visual and proprioceptive input.
The limited size of the visual field and the limited neural capacity for information processing restricts the number of spatial locations from where sensory stimuli can be sampled and analyzed. There is now a large body of evidence for perceptual connections between the visual space and other unimodal sensory spaces such as the auditory (Spence and Driver, 1997; McDonald et al., 2000) or the tactile (di Pellegrino et al., 1997; Mattingley et al., 1997; Spence et al., 2000) space. This interplay between modalities is believed to facilitate an orienting response that increases the efficiency with which incoming sensory stimuli are processed (Driver and Spence, 1998a,b) . The question whether a similar attentional link exist between the proprioceptive hand space and the visual space where hand movements are monitored has, to our knowledge, not being addressed yet. The present results suggests that such a connection may exist.
